Accumulating evidence suggests that exercise may have both rapid and delayed effects on human melatonin secretion. Indeed, exercise may acutely (i.e., within minutes) alter melatonin levels and result in a shift of the onset of nocturnal melatonin 12 to 24 h later. The presence and nature of both acute and delayed effects appear to be dependent on the timing of exercise. The presence of a detectable acute effect also depends on the duration, intensity, and type of exercise. Late evening exercise during the rising phase of melatonin secretion may blunt melatonin levels. High-intensity exercise during the nighttime period, when melatonin levels already are elevated, consistently results in a further (nearly 50%) elevation of melatonin levels. No effect of low-intensity exercise performed at the same circadian phase could be detected. Irrespective of intensity, exercise near the offset of melatonin secretion or during the daytime has no consistent acute effect on melatonin secretion. Nighttime exercise, whether of moderate or high intensity, results in phase delays of the melatonin onset on the next evening. In support of the concept that a shift of the melatonin onset on the day after nighttime exercise represents a shift of intrinsic circadian timing is the observation that similar phase shifts (in both direction and magnitude) may be observed simultaneously for the onset of the circadian elevation of thyrotropin secretion. The observation of exercise-induced phase shifts of the onset of melatonin secretion is, therefore, interpreted as evidence that, in humans as in rodents, increased physical activity during the habitual rest period is capable of altering circadian clock function.
Introduction
Accumulating evidence suggests that exercise may have both rapid and delayed effects on human melatonin secretion. Indeed, exercise may acutely (i.e., within minutes) alter melatonin levels and result in a shift of the onset of nocturnal melatonin 12 to 24 h later.
The observation of exercise-induced phase shifts of the onset of melatonin secretion has been interpreted as evidence that increased physical activity (i.e., a nonphotic stimulus) can reset the human circadian clock (Van Reeth et al., 1994; Buxton et al., 1997) .
Acutely, exercise may blunt, have no effect, or increase melatonin levels, depending on the circadian phase of stimulus presentation. In particular, we recently showed that high-intensity exercise during the night-time is associated with rapid pronounced elevations of melatonin secretion (Buxton et al., 1997) . These observations raise interesting questions regarding the possible role of increases in melatonin levels in causing shifts of circadian phase. In addition, the coincidence of elevated melatonin levels with increased body temperature during high-intensity nocturnal exercise suggests testable hypotheses regarding the role of melatonin in thermoregulation. Postural changes, in the absence of exercise per se, recently have been shown to alter plasma melatonin levels and appear to represent a separate phenomenon (Deacon and Arendt, 1994).
Phase-Shifting Effects of Exercise on Onset of Melatonin Secretion
Two studies have used the dim light melatonin secretion onset to determine the phase-shifting effects of exercise as a nonphotic stimulus in humans (Van Reeth et al., 1994; Buxton et al., 1997) . After 1 week of entrainment to regular wake and bed times, the subjects were studied in a &dquo;constant routine&dquo; paradigm. Melatonin levels assayed by a specific radioimmunoassay from blood samples taken at 20-min intervals were analyzed for changes in the timing of the evening melatonin onset from the day before to the day after exercise. Shifts of the melatonin onset observed in response to exercise were compared to those observed in the same subject in a similar study without the exercise session. Exercise stimuli were tailored to the exercise capacity of the individual subjects. In one study, the exercise session consisted of 3 h of moderate-intensity exercise on a stationary arm and leg exerciser alternating arm and leg work as well as workload (between 40% and 60% of individual V02max) (Van Reeth et al., 1994) . A second study (Buxton et al.,1997) examined whether a more practical duration (1 h) of exercise of higher intensity could induce equivalent phase shifts of human circadian rhythms when exercise exposure was centered at a clock time of 0100 h, a time that reliably produced phase delays in the previous study (Van Reeth et al., 1994) . Subjects were studied three times each in constant conditions with either a 3-h moderate-intensity exercise session (using the same protocol as in the previous study); a 1-h high-intensity exercise session (on a stair climber with a 10-min warm-up at 25% VO2max, 40 min of constant exercise at 75% VO,max, and a 10-min cooldown at 25% V02max); or continuous recumbency Figure 1 illustrates the mean profiles of body temperature, plasma melatonin, and plasma cortisol obtained in this study (Buxton et al.,1997) . The analysis of the timings of the melatonin onsets indicated that phase delays were observed with low-intensity exercise (-55 ± 38 min after exercise vs. -9 ± 32 min baseline, p < .001, n = 16 [Van Reeth et al., 1994] ; -63 ± 8 min after exercise vs. -23 ± 10 min baseline, p < .04, n = 8 [Buxton et al., 1997] ). A similar trend was observed with high-intensity exercise (-55 ± 15 min, p < .12, n = 8 [Buxton et al., 1997] ). Figure 2 represents the partial phase response curve (PRC) to exercise that may be constructed from these studies (n = 31) using melatonin as the sole marker for circadian phase. Ongoing studies with exercise in the morning, afternoon, and early evening will determine whether the human phase response to increased physical activity includes an advance region and/or a dead zone.
In the study with high-intensity exercise, no correlations between exercise-induced changes in melatonin levels and magnitude of the phase shifts were evident, suggesting that the magnitude of phase shifts is unrelated to the acute effects on melatonin secretion. This is consistent with the fact that phase delays observed in the low-intensity, 3-h exercise study were not associated with any detectable acute exercise-induced alterations in melatonin levels. Thus, it appears that phase shifts of melatonin onset observed on the day following exercise exposure are not mediated by acute changes of melatonin levels. It is noteworthy that pharmacological doses of melatonin given at this time of day do not result in phase shifts (Lewy et al.,1992) .
Acute Effects of Exercise on Melatonin Secretion
Early findings on the acute effects of exercise on melatonin secretion have been inconsistent, probably because of technical limitations related to first-generation melatonin radioimmunoassays (Vaughan et al., 1979; Carr et al., 1981; Theron et al., 1984) . In more recent studies, exercise has been shown to alter the pattern of melatonin secretion in markedly different ways, depending on the time of day.
Exercise in the Late Evening
Several studies, all originating from the same group of investigators, have examined the acute effect of late evening exercise occurring during the ascending phase of circadian melatonin secretion. In one study, 7 young men exercised for 20 min on a stationary bicycle or remained sedentary over the same time period (baseline). The exercise session consisted of 10 min at 50% V02max and 10 min at 80% VO,max and was scheduled to start at 2240 h. At 2330 h, mean melatonin levels were approximately 50% lower than under baseline conditions. Melatonin levels remained lower than baseline until after 0200 h (Monteleone et al., 1990) . A role for adrenocortical hormones in the exercise-associated inhibition of evening melatonin secretion was later hypothesized because an increase in plasma cortisol levels preceded the suppression of melatonin secretion (Monteleone et al., 1992a) . This hypothesis was consistent with evidence that dexamethasone, a synthetic glucocorticoid, reduces plasma melatonin levels in humans (Demisch et al., 1988) and that inhibition of cortisol by metyrapone increases urinary melatonin excretion (Brismar et al., 1985) . The same group of investigators examined the effects of an identical session of exercise starting at 2240 h on nocturnal melatonin levels in 7 young men who were exposed to light of 2500 lux from 2300 to 0100 h. Light exposure reduced melatonin levels as expected, and no further melatonin-suppressive effect of exercise was apparent, but the increase in plasma cortisol levels still was present (Monteleone et al. 1992b ).
Nighttime Exercise
In our studies with a 3-h period of exercise of moderate intensity that resulted in phase delays of the melatonin onset on the next day, there were no acute effects of exercise on melatonin levels, which were similar to those measured during continuous recumbency at the same clock time (Van Reeth et al., 1994; Buxton et al., 1997) . In these studies, the earliest start of the exercise session was 2330 h, and only 2 subjects were exposed to exercise at this time of day. In both [Buxton et al., 1997 ]) or to high-intensity 1-h exercise (n = 8, filled triangles [Buxton et al., 1997] ). Mean phase shift (hours) of the melatonin onset from the day before to the day after exercise presentation is plotted versus the timing of exercise presentation relative to the estimated body temperature minimum (Van Cauter et al., 1994) . Data at the same point are slightly offset for clarity subjects, the onset of melatonin secretion occurred slightly later than average under baseline conditions (2200 h ± 28 min), and it cannot be excluded that these modest delays may have been exercise related. Our data clearly are insufficient to lend support to the findings of a suppression or blunting of the melatonin rise by exercise (Monteleone et al., 1990) .
Robust acute stimulatory, rather than inhibitory, effects of a 1-h session of high-intensity exercise centered at 0100 h were consistently observed in our study (Fig. 1 ). Melatonin levels were elevated starting 30 min after the beginning of exercise and remained above baseline levels for at least 80 min. Relative to the level immediately preceding exercise, the mean increases in melatonin levels (delta ± SD) measured 50 and 70 min after the beginning of the exercise were 19.7 ± 3.8 and 20.3 ± 4.3 pg/ml, respectively, as compared to 1.5 ± 5.3 and 2.4 ± 9.1 pg/ml at the same clock times in the baseline condition. It is unlikely that these elevations reflect only the effects of postural changes rather than the effects of exercise.
The increase in melatonin levels with high-intensity exercise was associated with a simultaneous (given the temporal resolution of our study) increase in core body temperature of 1.75°C and was followed by an increase in cortisol levels approximately 20 min later (Fig. 3) . Peak cortisol levels coincided with the timing of the decline in melatonin levels. Thus, this temporal sequence of neuroendocrine responses to exercise is at variance with the findings of Monteleone et al. (1992a) , which indicated that a cortisol rise preceded the decline in melatonin levels following a short bout of high-intensity exercise. Differences in timing (2240 vs. 0100 h) and duration (20 vs. 60 min) of the exercise sessions may underlie these contrasting observations. There were no significant correlations among the magnitude of the exercise-induced elevations of melatonin, cortisol, and body temperature.
Morning and Afternoon Exercise
Studies of the effects of morning and afternoon exercise on melatonin levels have largely focused on outdoor exercise in bright light. In a group of 11 women who ran a long-distance morning race, it was reported that melatonin levels increased slightly from a mean of 4 pg/ml before the race to 8 pg/ml afterward (p < .05) (Ronkainen et al., 1986) . In a mixed population of highly trained athletes (11 men, 1 woman) who ran a daytime outdoor 28.5-mile race, melatonin levels measured by gas chromatography/mass spectroscopy were 4.7 ± 0.8 pg/ml before . the race and 10.7 ± 1.6 pg/ml after the race (p = .01) (Strassman et al., 1989) . In girls (mean age 14 years, n = 8), a 12-min maximal distance outdoor run in the morning did not lead to any change in melatonin levels within 5 min after the completion of the run (Diaz et al., 1993) . In a study examining three types of morning exercise (5 min at 65-70% V02max on a treadmill, 30 min at 65-70% V02max on a treadmill, and a marathon race), no effect of morning exercise on melatonin levels could be detected (Thientz et al., 1984) . No changes in melatonin levels were observed in males (n = 7) who ran for a brief period (S 18 min) on a treadmill (Elias et al., 1993) . In our most recent study, we examined the acute effects of 1 h of high-intensity exercise in the morning and midday under constant dim light conditions (unpublished data). Changes in melatonin secretion were examined after exercise from 0900 to 1000 h (n = 5), 1100 to 1200 h (n = 3), and 1300 to 1400 h (n = 4) and were expressed relative to pre-exercise levels. No acute effects of exercise on plasma melatonin levels were evident. Figure shows delta melatonin versus delta cortisol and delta melatonin versus delta CBT in the baseline study (top panels) and after presentation of a high-intensity 1-h exercise session (lower panels). Changes in hormone and CBT levels are expressed relative to the value immediately preceding the start of exercise or the same clock time in the baseline study (time = 0).
Acute Effect of Postural Changes on Melatonin Levels
A change in posture from the supine to standing positions recently was shown to have an impact on melatonin levels (Deacon and Arendt, 1994) . The effects of postural changes on melatonin levels are likely only related to a change from a strictly supine position given that moving from a semirecumbent position in bed with the head of the bed at a 45° angle to an upright seated posture on a stationary bicycle had no effect on plasma melatonin concentrations (Van Reeth et al., 1994; Buxton et al., 1997) . Our study with highintensity exercise involved postural changes from semirecumbency with the head of the bed at a 45°a ngle to standing upright on the stair climber. When compared to the baseline study, postexercise mela-tonin levels increased by approximately 50% over a 60to 80-min period. Comparable data in the Deacon and Arendt (1996) study examining the effects of postural changes from supine to standing positions indicated that the magnitude of the melatonin elevation over a 90-min period was, on average, less than 20%.
Thus, it appears that putative effects of postural changes from semirecumbence to standing position could not account entirely for the magnitude of the increases in melatonin levels observed in our study after high-intensity exercise (Buxton et al., 1997) .
Discussion
From the limited number of studies that have examined the effects of exercise on human melatonin secretion, it appears that both the acute and delayed effects of exercise on the 24-h profile of plasma melatonin levels may be dependent on time of day The presence of a detectable effect also depends on the duration, intensity, and type of exercise. Late evening exercise during the rising phase of melatonin secretion may acutely blunt melatonin levels. High-intensity exercise during the nighttime period, when melatonin levels already are elevated, consistently results in a further (nearly 50%) elevation of melatonin levels. No effect of low-intensity exercise performed at the same circadian phase could be detected. Irrespective of intensity, exercise near the offset of melatonin secretion or during the daytime has no consistent acute effect on melatonin secretion.
Both the significance and mechanisms of acute effects of exercise on melatonin secretion remain to be elucidated. The fact that nighttime exercise elicits an increase of melatonin levels only if the exercise is of high intensity, and thus is associated with an acute 1 to 2° elevation of body temperature, suggests that thermoregulatory mechanisms could be involved. Hypothetically, the melatonin elevation could serve to limit the rise in body temperature with high-intensity exercise. Hypothermic effects have been attributed to endogenous melatonin at this time of day (Cagnacci et al., 1992) and also occur in response to exogenous melatonin at this time of day (Deacon and Arendt, 1994) . That there is no effect during the daytime is consistent with the idea that the system is deactivated and thus unresponsive to hyperthermic challenge. The suppression of melatonin when exercise is performed at the onset of nocturnal secretion is difficult to interpret. An increase in retinal sensitivity to light during exercise and thus in the effective photic input to the circadian pineal system could be involved. Indeed, a recent study has indicated that melatonin secretion is extremely sensitive to even small variations in light intensity at this time (Trinder et al., 1996) .
The currently available information on exercise of both moderate and high intensity as a nonphotic stimulus to the human circadian clock has identified a partial PRC with a nocturnal (subjective night) delay region with lesser/nonsignificant phase delays near or after the minimum of body temperature, suggestive of a dead zone. Both high-and moderate-intensity exercise appear able to phase shift melatonin onset the next evening, at least in normal young men. In support of the concept that a shift of the melatonin onset on the day after nighttime exercise of moderate or high inten-sity represents a shift of intrinsic circadian timing is the observation that similar phase shifts (in both direction and magnitude) maybe observed simultaneously for the onset of the circadian elevation of thyrotropin secretion (Van Reeth et al., 1994; Buxton et al., 1997) .
The phase-shifting effects of exercise during the habitual rest period demonstrated using the onset of melatonin secretion as a marker of circadian phase may represent the first demonstration of the existence of feedback effects of the rest-activity cycle on the human circadian clock. The existence of a nonphotic pathway modulating circadian function has been well demonstrated in rodent studies but has remained elusive in human studies. Importantly, these findings suggest that appropriately timed exercise, a simple nonpharmacological intervention that may be easily implemented in real-life conditions, could be used to facilitate adaptation of human circadian function to abrupt changes in environmental time such as those occurring in jet lag and shift work. Recent field studies showing beneficial effects of exercise for night workers and airline crew members have provided evidence to support this hypothesis (Eastman et al.,1995; Shiota et al., 1996) .
